INTRODUCTION {#sec1-1}
============

We owe the first description of emphysema to Laenec\[[@ref1]\] and the first thorough description of the lung vessel pathology in chronic obstructive pulmonary disease (COPD) to Liebow,\[[@ref2]\] and we find the 1963 statement of G.W. Wright\[[@ref3]\] that the injury in emphysema was of a "vasculonecrotic nature" remarkable. From the vantage point of the first decade of the 21^st^ Century the concept that lung vessels are involved in most, if not all, chronic and progressive lung diseases is still perhaps more intuitive than accepted knowledge. The topic of the vascular involvement and pulmonary hypertension (PH) in emphysema/COPD has been previously reviewed and appears and disappears periodically on the radar screen of investigators interested in new treatment strategies for patients with COPD/emphysema. Whereas, understandably, the overwhelmingly large segment of COPD publications addresses issues of airway mechanics and airway pathology, the fact that the improved survival of COPD patients shown in the long-term oxygen treatment trial was associated with a small reduction in the pulmonary artery pressure\[[@ref4]\] gives clinicians pause and repeatedly raises the question whether the pulmonary hypertension in COPD patients should be treated---and if so, with what drugs? The topic of pulmonary vascular involvement and pulmonary hypertension has many fascinating aspects and has been recently reviewed,\[[@ref5]--[@ref7]\] yet many questions remain unresolved. More recently systemic disease components in COPD are being discussed; however, earlier studies have already begun to address issues of hypercoagulability and deep venous thrombosis in patients with COPD.\[[@ref8][@ref9]\] Here we review recent data and concepts of the pulmonary vascular pathophysiology and pathobiology, introduce the more general concept of a "sick lung circulation" in integrated systems biology of COPD and propose new mechanistic concepts for the condition that we call cor pulmonale.

EMPHYSEMA {#sec1-2}
=========

Emphysema is defined as "an anatomic alteration of the lung characterized by an abnormal airspace enlargement distal to the terminal bronchioles accompanied by destructive changes of the alveolar walls"\[[@ref10]\] and is a variable component of the syndrome COPD which is now understood to have also extrapulmonary systemic manifestations.\[[@ref11]\] Laennec, who described emphysema in 1838, entertained the hypothesis that emphysema was the result of chronic bronchitis, which he called "catarrh." The modern view that chronic airway inflammation causes emphysematous airspace destruction and that cigarette smoking drives and maintains airway inflammation is dominant and complemented by the "chronic infection" hypothesis.\[[@ref12][@ref13]\] One unanswered question is: How does airway inflammation (bronchiolitis) cause the disappearance of the surrounding alveoli? One hypothesis is that there is a gradient of proteases which is released from neutrophils and macrophages. This protease gradient is responsible for the "digestion" of alveolar septae surrounding the small airways. A second question is why there are patients (never smokers) who develop severe emphysema without significant airflow limitation, and a third is why individuals with the genetic α1-antitrypsin deficiency usually do not develop emphysema-unless they smoke cigarettes. The definition of "destructive changes of the alveolar walls" includes the loss of lung capillaries, but not the loss of precapillary arterioles which is apparent on pulmonary angiography of patients with emphysema.

Of interest, a mutation in a gene encoding a copper transporter protein is responsible for the congenital emphysema in Menkes disease\[[@ref14]\] which finds it correlate in the emphysema of the "blotchy mouse",\[[@ref15]\] and emphysema has been described in patients with coeliac disease,\[[@ref16]\] pointing towards malnutrition or autoimmunity, or both, as etiologies of emphysema in these non-smoking patients. An animal model of autoimmune emphysema has recently been described.\[[@ref12]\] This model is based on antibodies and T lymphycytes which cause lung endothelial cell apoptosis.

COPD and pulmonary hypertension {#sec2-1}
-------------------------------

### Vascular pathology {#sec3-1}

The topic of pulmonary hypertension in patients with COPD, with and without cor pulmonale has been reviewed previously.\[[@ref17]--[@ref22]\] New clinical imaging technology to study COPD is being developed ,\[[@ref23][@ref24]\] however, a detailed study of the lung vessels still requires invasive angiography. Histological and morphometric studies of the lung vessels require lung tissue samples which become available only after lung cancer surgery, lung volume reduction or lung transplantation. The Lung Division of the NIH HLB Institute has established a COPD lung tissue repository; here lung tissue can be requested for cellular and molecular studies.\[[@ref25]\]

### Pulmonary vascular remodeling: The role of cigarette smoke and chronic hypoxia {#sec3-2}

Our concepts of pulmonary vascular remodeling in COPD/ emphysema have evolved to a large extent because of the work of the group of Joan Albert Barbera in Barcelona. Their histological examination of lung tissue resected from patients with cancer and nearly normal lung function revealed lung arteriolar abnormalities of muscularization and significant intima fibrosis that had to be attributed to cigarette smoking and not to hypoxia; the patients were not hypoxemic and Barcelona is at sea level. Thus, these findings have challenged the previous mechanistic explanation that hypoxia vasoconstriction was the root cause of the pulmonary vascular changes observed in the lungs from COPD patients. Indeed animal experiments of chronic cigarette smoke exposure have reproduced some of these pulmonary vascular changes.\[[@ref26]\] In severe, end-stage COPD in patients that undergo lung transplantation most certainly, large regions of the lung tissue are hypoxic and we can propose that hypoxia will contribute to the lung vascular remodeling in these patients. Taken together, it is likely that early in the COPD syndrome development there are direct toxic effects of cigarette smoke on the lung vessels, and perhaps in later stages of COPD, there is hypoxia-induced lung vessel remodeling. Many investigators, even today, find it difficult to understand how inhaled cigarette smoke can injure lung vessels. They believe that the lung airway compartment is sufficiently separated from the vascular compartment and ask, "How does the cigarette smoke get to the lung vessels?" Without a doubt particles of the cigarette smoke reach the alveoli and volatile components can diffuse from the terminal respiratory bronchioles into the surrounding tissue areas, but we also know that stable volatile components of the cigarette smoke, for example the very aggressive aldehyde acrolein, reach the systemic circulation and their endothelial cells. With this information in mind, we understand that lung vessels are exposed to cigarette smoke components both from the outside and inside (*see* below).

Pulmonary resistance vessels, the arterioles, become muscularized after a period of chronic hypoxia and we can interpret this phenomenon as a "meaningful," adaptive response of the lung vessels in order to match lung blood flow to ventilation, to adjust to high-altitude living, and to protect the lung capillaries against flooding due to increased precapillary pulmonary arterial pressure. This hypoxia-induced pulmonary vessel muscularization can be explained by vascular smooth muscle cell hypertrophy and hyperplasia but it is probably more complex. The muscularization can also be in part explained, at least in rodent studies---by the participation of endothelial cells and cells arriving from the systemic circulation via the vasa vasorum.\[[@ref27][@ref28]\]

([Fig. 1](#F1){ref-type="fig"}) distinguishes lung vascular remodeling as an adaptive response to wall stress, i.e., muscularization from the response to endothelial cell (EC) injury and apoptosis and the loss of the EC monolayer integrity. The latter response can be extremely complex and involve a local immune response (perivascular accumulation of inflammatory cells) recruitment of bone marrow-derived precursor cells, phenotypic alterations of EC and VSMC via endothelial cell to mesenchymal cell transition (EMT)\[[@ref29]\] and the deposition of an altered matrix which is produced by the phenotypically altered vascular cells. In this schematic we attempt a synopsis of the most relevant mechanisms of lung vessel remodeling

![Comparison of adaptive pulmonary vascular remodeling with the complex cellular changes which can be a consequence of the damage of the endothelial cell (EC) monolayer](PC-1-320-g001){#F1}

As mentioned, we owe the original description of the vascular pathology in emphysematous lungs to A. Liebow.\[[@ref2]\] The most frequently listed vascular abnormalities, some of their underlying mechanisms and their potential consequences, are shown in ([Fig. 2](#F2){ref-type="fig"}).

![This diagram highlights the components of pulmonary vascular alterations observed in COPD/emphysema lungs and some of their proposed mechanisms. Hypoxia and vasoconstriction likely independently affect the lung vessels and promote remodeling. Remodeling affects the three layers of the vessels: intima, media and adventitia. Endothelial cell apoptosis may be critically important and lead to both intima fibrosis and muscularization. The large box symbolizes an endothelial cell and illustrates alterations in gene expression which affects endothelial cell function.](PC-1-320-g002){#F2}

The modern view of pulmonary vascular remodeling is that in addition to the fluid-mechanical effects of hypoxic vasoconstriction---and thus increased shear stress of the resistance vessels, during hypoxia---there is a role for HIF-1α-dependent mechanisms. Here it is important to remember that hypoxia is linked via HIF-1α to "inflammation" and the innate immune response.\[[@ref30][@ref31]\] To summarize: pulmonary arteriolar muscularization, once understood as a consequence of smooth muscle contraction, has now become the result of complicated actions and interactions of transcription factors\[[@ref32][@ref33]\] and genes encoding growth factor proteins and proteins encoding multiple enzymes involved in the control of cell energy metabolism.\[[@ref23][@ref24][@ref34]\] The studies of Johns et al.\[[@ref35]\] and Daley et al.\[[@ref36]\] indicate that hypoxia activates lung macrophages to release FIZZ1 (also called RELMα or hypoxia-induced mitogenic factor \[HIMF\]) which promotes pulmonary arteriolar SMC growth. One of the early experimental studies linking chronic hypoxia-induced lung vessel remodeling and inflammation is the study by Ono et al.\[[@ref37]\] In the lungs from patients with COPD/emphysema we find evidence of endothelial cell apoptosis\[[@ref38]\] and endothelial cell dysfunction;\[[@ref39][@ref40]\] there is a loss of a number of proteins expressed in normal endothelium\[[@ref20]\] which can explain both endothelial cell loss and dysfunction ([Fig. 2](#F2){ref-type="fig"}). The schematic ([Fig. 2](#F2){ref-type="fig"}) pays tribute to the modern ideas about hypoxia and lung vessel remodeling; this figure also illustrates that the loss of the expression of enzyme proteins like prostacyclin synthase and nitric oxide synthase and loss of the expression of Vascular Endothelial Growth Factor (VEGF) and VEGF receptor proteins, may lead to EC dysfunction, EC apoptosis, and intima fibrosis. The events which lie upstream are unclear, but oxidant and endoplasmic reticulum stress (ERS) are candidates. A critical controller of lung endothelial cell growth and survival is VEGF.\[[@ref25][@ref41]\] How endothelial cell dysfunction causes the intima to become a thrombogenic surface is not yet understood, but in situ thrombosis\[[@ref6]\] and bronchial artery thrombosis have been described in the COPD/ emphysematous lungs.

The topic of bronchial endothelial cell dysfunction has been recently reviewed.\[[@ref42]\] Upstream triggers for both pulmonary vascular and bronchial vascular endothelial cell damage and dysfunction are likely oxidative and endoplasmatic reticulum stress (ERS)\[[@ref43][@ref44]\] and activation of immune responses. Our understanding of how immune cells and their cytokines shape pulmonary vascular remodeling is still in its infancy.\[[@ref45][@ref46]\]

### Effect of cigarette smoke on pulmonary vessels {#sec3-3}

Altered pulmonary vascular morphology in emphysema attributable to cigarette smoking has been reported by several investigators,\[[@ref47]--[@ref49]\] and these findings are supported by animal studies and experiments demonstrating the effect of cigarette smoke extracts on cultured EC. Yamato et al.\[[@ref26]\] reported that cigarette smoke exposure of guinea pigs induced emphysema associated with a diffusely reduced lung capillary density, and Wright et al. showed that cigarette smoke increases the expression of vasoactive mediators in pulmonary arteries\[[@ref50]\] and causes rapid changes in gene expression in the pulmonary arteries.\[[@ref51]\] Lee et al.\[[@ref52]\] reported induction of endothelin-1 in pulmonary artery EC by cigarette smoke extract and Nana Sinkam et al. reported loss of prostacyclin synthase expression.\[[@ref53]\] Cigarette smoke extract (CSE) can induce superoxide in EC, which inactivates NO and generates peroxynitrite\[[@ref54]\] and this oxidative and nitrosative stress inactivates VEGFR2 signaling;\[[@ref43]\] CSE induces p53-dependent pulmonary EC apoptosis\[[@ref55]\] and sildenafil can protect against CSE-stimulated EC apoptosis.\[[@ref56]\]

### Pulmonary hypertension {#sec3-4}

We have known since the pioneering studies of Benjamin Burrows that the degree of pulmonary hypertension in patients with COPD at rest and during exercise is very variable,\[[@ref57]\] and these early findings have been confirmed by a number of larger studies,\[[@ref58]\] in particular by the work of E. Weitzenblum and his group in Strassbourg, France.\[[@ref59]\] Whereas most patients with COPD/emphysema have small elevations of the pulmonary artery pressure at rest, a small subgroup of the COPD patients (around 1%) presents with pulmonary artery pressures at rest that are in the range usually observed in patients with idiopathic forms of PH.\[[@ref59]\] The pathobiology of the PH in these patients remains unexplored and lung histological studies have not been reported. Because echocardiographic evaluation of patients with hyperinflated lungs is problematic, hemodynamic assessment of these patients is necessary. It should become the standard procedure to evaluate exercise hemodynamics in these patients, in particular if the clinician wants to rule out PH as a cause of dyspnea. Obesity, airtrapping and auto-PEEP effects, a limited venous return and cardiac output,\[[@ref60]\] are other reasons for dyspnea in these patients ([Fig. 3](#F3){ref-type="fig"}).

![How exercise affects the lung circulation.](PC-1-320-g003){#F3}

Still today, the interplay of mechanical aspects of impaired lung function (stretch) and the cellular and molecular functional consequences of inflammation and oxidative stress for pulmonary vascular tone regulation and cardiac performance (see below) are largely unexplored. The extent of daily physical activities in patients with COPD/emphysema decreases with the severity of lung function impairment (GOLD Classification II-IV) and the degree of hyperinflation.\[[@ref29]\] The desire to predict the presence and severity of PH in COPD/emphysema by using non-invasive lung function and/or blood gas variables is understandable, yet the assumptions are that COPD is a homogeneous disease and that patients do not have also thromboembolic or left heart disease. Correlations between the systolic pulmonary artery pressure PAP and the PaO~2~\[[@ref59]\] and the mean Pap and the O~2~saturation\[[@ref61]\] have been published and the large scatter of the data points makes it impossible to predict the Pa pressure in the individual patient. COPD patients living at altitude and those with the diagnosis of sleep apnea are more likely to have PH.

Cor pulmonale {#sec2-2}
-------------

The late David Flenley used to say that, "COPD patients die with cor pulmonale, not *of* cor pulmonale".\[[@ref17][@ref18]\] It is unclear whether this statement is correct given the more recent epidemiological data which demonstrate that most COPD/emphysema patients die not from respiratory failure but from cardiovascular causes. Cor pulmonale is also an interesting topic of discussion because we do not really understand the pathobiology\[[@ref17][@ref18]\] and because some clinicians believe that it (cor pulmonale) has disappeared as a consequence of supplemental oxygen treatment of patients with COPD.

Whereas we distinguish cor pulmonale, the involvement of the heart in the setting of chronic lung diseases, from right ventricular failure in the setting of severe forms of lung vascular diseases, the pathobiology and pathohistology of the lung vessels may determine the cardiac response. We have recently demonstrated experimentally that chronic elevation of the right ventricular afterload alone generates adaptive RV hypertrophy but not RV failure. The right ventricle failed when there was angioobliterative lung vessel involvement, but not when the lung vessels were muscularized but patent.\[[@ref62]\] Right heart failure in the setting of chronic left ventricular failure, or associated with angioproliferative PAH, causes death and is a strong predictor of survival.\[[@ref58]\] We have recently proposed that a "sick lung circulation" (lung vascular endothelial cell apoptosis and/or proliferation) affects the heart. This "bad lung humor" hypothesis posits that information from the sick lung vessels is carried to the myocardium resulting in cardiac capillary rarefaction and fibrosis.\[[@ref63]\] Information carriers could be cytokines, microparticles and microRNA contained in the blood exiting from the pulmonary veins and entering the coronary circulation. The schematic ([Fig. 4](#F4){ref-type="fig"}) is an attempt to illustrate this concept.

![Comparison between pulmonary hypertension in the setting of COPD/emphysema (left) and pulmonary hypertension due to left ventricular dysfunction (right). Both conditions affect the lung vessels and can lead to right heart failure. The loss of myocardial capillaries is emphasized. ^\*^Diastolic dysfunction as a consequence of myocardial fibrosis.](PC-1-320-g004){#F4}

At present, we have no histological or molecular studies that would refute such a concept, and the discovery of microparticles and circulating microRNAs\[[@ref64]\] now makes it attractive to begin to investigate this hypothesis. Products released from a sick lung circulation would be expected to affect --- via the coronary circulation --- both ventricles of the heart, and indeed, several studies over the years reported impaired left ventricular function in patients with COPD; we refer the reader to a recent publication by the Vienese group which had shown left ventricular diastolic dysfunction also in COPD patients without PH.\[[@ref60][@ref65]\] Diastolic dysfunction can be mechanistically explained as a consequence of endothelial cell to mesenchymal transition (EMT). At least in mice TGF-β can transform cardiac capillary EC into myofibroblasts resulting in cardiac fibrosis and greater stiffness of the ventricles, as shown by Zeisberg et al.\[[@ref66]\] In short, the "sick lung circulation" hypothesis postulates that the endothelial cell disease of the lung causes endothelial cell dysfunction and capillary loss in the heart.\[[@ref58]\]

Treatment of pulmonary hypertension in COPD {#sec2-3}
-------------------------------------------

Supplemental oxygen therapy, now well established in the treatment plan of many COPD patients, may reduce oxygen-and endoplasmic reticulum stress and improve EC function.\[[@ref39][@ref40][@ref44]\] Interestingly such a hypothesis has not been explored to date.

Can the lung vasculature be or become a target for the treatment of COPD/emphysema?\[[@ref67]\] And, if so, then could it be that the treatment may not be restricted to the lung vessels but aimed at the improvement of general endothelial cell dysfunction? Yasuo et al.\[[@ref25]\] demonstrated, after analyzing lung samples from patients with severe emphysema, a reduction of expressed HDAC2, HIF-1α, and VEGF proteins, as well as a reduction in the expressed phosphoAkt. Recognizing that not a single protein, but a pattern---or signature --- characterizes the destruction of the lung vessel maintenance program, where chromatin structure modification and growth factor signaling are all impaired ([Fig. 5](#F5){ref-type="fig"}), it appears that there may not be a single molecular target for therapy.

![Analysis of lung tissue samples from patients with normal lung function (no COPD) and samples from patients with mild and severe COPD. Western blot protein expression data reproduced with permission.\[[@ref21]\]](PC-1-320-g005){#F5}

The data shown in [Figure 5](#F5){ref-type="fig"} likely reflect a generalized impairment of lung cellular repair --- not only the impairment of vascular maintenance. Examples of strategies which may protect the lung microvessels are simvastatin treatment, which protected against experimental cigarette smoke exposure-induced emphysema and PH,\[[@ref68]\] the protective effect of the prostacyclin analog beraprost\[[@ref69]\] or of endothelin receptor 1 blockade.\[[@ref70]\] The report of a reduction in the cardiovascular mortality of COPD patients treated with the anticholinergic tiotropium (UPLIFT trial)\[[@ref71]\] raises perhaps the question whether long-acting anticholinergic agents also have a vascular protective effect.

CONCLUSIONS {#sec1-3}
===========

Pulmonary vascular involvement is part of many chronic and progressive lung parenchyma diseases and this includes COPD/emphysema and chronic left heart failure. Oswald-Mammosser et al.\[[@ref53]\] reported 15 years ago that the survival of COPD patients was worse in patients older than 63 and having a mean Pap \>25 mmHg. Both the pathobiology of PH in patients with COPD/emphysema and the consequences for cardiac performance are incompletely understood. New concepts for both have been proposed in this review and these may encourage studies which make use of the disease-relevant tissues and modern cell biology and molecular tools.
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